Endo-pectin lyase and endo-polygalacturonase of Aspergillusjaponicus attack the middle lameila of plant tissue and cause tissue maceration.
Plant cell walls in young tissues are composed of cellulose, hemicellulose, pectic substances, and protein. The elucidation of cell wall structure makes it possible to interpret the several biological functions of the wall. A model has been proposed for the structure of the primary cell wall by Albersheim and co-workers (1, 17) . The middle lamella, the cementing layer between adjacent primary cell walls, has been considered to consist principally of pectic substances. Still, the detailed composition of middle lamella has not been elucidated (4) .
Endo-pectin lyase and endo-polygalacturonase of Aspergillus japonicus attack the middle lamella of plant tissue and cause tissue maceration (12) . The components released from the tissue during maceration by the enzymes are supposed to be derived from structural middle lamella constituents.
This investigation was carried out to elucidate the composition of the middle lamella of potato tuber tissues using purified endo-PL' and endo-PG from A. japonicus. This paper is the first in a series dealing with the structure of middle lamella.
MATERIALS AND METHODS
Potato Tuber Tissues. Fresh tissues of potato tuber (Solanum tuberosum L.) of the variety Danshaku were cut into small pieces (25 x 15 x 0.5 mm), washed several times with 0.1 M ammonium acetate buffer (pH 4.5), and allowed to stand in the same buffer at 40 C for 4 hr. The tissues were then repeatedly washed with 50 mM ammonium acetate buffer (pH 4.5) until the washings no longer contained sugars detectable by the phenol-sulfuric method (7) . The tissue did not lose its coherence by this treatment but became resistant to browning.
Enzyme Preparations. Purified endo-PL and endo-PG were obtained from the culture medium of A. japonicus and were assayed as described previously (14, 16) . One unit of endo-PL caused an increase in A of 1.0/min at 235 nm and 40 C. The reaction mixture contained 1 ml of 1% pectin N.F. (Sunkist Growers Inc.), 1 ml of 0.1 M citrate-phosphate buffer (pH 6.0), and 0.5 ml of enzyme. One unit of endo-PG caused a 50% loss in viscosity in 1 min at 40 C. The reaction mixture contained 3 ml of 1% sodium polypectate (Sunkist Growers Inc.), 3 ml of 0.1 M citrate-phosphate buffer (pH 4.5), and 1 ml of enzyme in an Ostwald viscosimeter.
Maceration of Potato Tuber Tissues. After excess buffer solution was removed with filter paper, 100 pieces of potato tuber tissue (about 20 g of fresh tissue) were placed in a 150-ml Erlenmeyer flask containing 50 ml of 50 mm ammonium acetate buffer (pH 4.5) and enzyme. The flasks were incubated at 30 C without shaking. At intervals, reaction mixtures were withdrawn and components released from the tissue were determined. After 5 hr the reaction mixtures were filtered through Toyo No. 2 paper, and the residue was washed with 10 ml of 50 mm ammonium acetate buffer (pH 4.5). A combined solution of the filtrate and the washing was lyophilized.
Analysis of Galacturonides. The galacturonide content was estimated by the carbazole method (21) . The degree of polymerization was estimated by determining the ratio of reducing groups estimated by the iodometric method of Hatanaka (9) to galacturonides estimated by the carbazole method (21) . The determination of the degree of esterification was carried out by the saponification and methanol estimation method of Wood and Siddiqui (27) .
Determination of Neutral Sugars. The neutral sugar content was estimated by the anthrone method using galactose as a standard (6) . Neutral sugar compositions were quantitatively determined by automated liquid chromatography (JEOL JLC-6AH Type) (13 (18) . Diphenylamine-aniline-H3P04 reagent was used for staining. Mono-, di-, and trigalacturonic acids were used as reference sugars.
RESULTS
Components Released from Potato Tuber Tissue by Endo-PL and Endo-PG. Potato tuber tissues were macerated similarly by 5 units of endo-PL and 1,000 units of endo-PG at pH 4.5. The tissue almost completely lost coherence after 5 hr at 30 C. Galacturonides, neutral sugars, and proteins were released from the tissues during maceration by the two enzymes (Fig. 1) . The amounts of these components, especially proteins, released by endo-PG were higher than those released by endo-PL.
The tissue retained its original coherence without enzyme. No galacturonides or neutral sugars were released from the tissue, while a small amount of protein was released without enzyme.
After lyophilization of 5-hr reaction mixtures, 61.6 mg of endo-PL-derived (fraction PL), 81.5 mg of endo-PG-derived (fraction PG), and 2.0 mg of nonenzyme-derived (control) products were obtained from 100 pieces of potato tuber tissue (Table I) , and proteins (C) from potato tuber tissues. Reaction mixtures contained 100 pieces of potato tuber tissue (25 x 15 x 0.5 mm) and 50 ml of 50 mM ammonium acetate buffer (pH 4.5). They were incubated at 30 C with the addition of 1,000 units of endo-PG (0), and 5 units of endo-PL (A) or without enzyme (El). At intervals, reaction mixtures were withdrawn, and galacturonides released from the tissues were determined by the carbazole method, neutral sugars by the anthrone method, and proteins by the Lowry method. (11) and Mullen and Bateman (22) reported that potato tuber cell wall was a high galactose material. Approximately 85% of fraction PL and 74% of fraction PG were accounted for as pectic substances (galacturonides and neutral sugars).
Both fractions PL and PG contained about 60 ,ug of Ca and 10 ,ug of Mg ions.
Gel Filtration of Fraction PL and Fraction PG on Sephadex G-100 Column. One-fourth of the maceration fractions PL and PG were dissolved in 1 ml of 0.1 M ammonium acetate buffer (pH 4.5) and the solutions were chromatographed on a Sephadex G-100 column. Over 85% of galacturonides of both fractions were oligogalacturonides, while 8.8% of fraction PL and 5.6% of fraction PG galacturonides voided this column (Fig. 2) . The void fractions (No. 9 and 10) also contained most of the neutral sugars and some of the protein. Protein components of fractions PL and PG were separated into three major fractions with respect to mol wt. The amount of the intermediate mol wt protein fraction, which corresponded with the elution volume of trypsin inhibitor from soya bean (mol wt 21,500), was much higher than that of fraction PL. This is the main reason that the total amount of proteins released by endo-PG was higher than that released by endo-PL. The elution pattern of the no enzyme control (not shown in this figure) showed that this material contained only low mol wt protein (peptides or amino acids).
Amino Acid Compositions of Proteins Fractionated by Gel Filtration on Sephadex G-100 Column. Hydroxyproline was not detected by the method of Stegemann and Stalder (23) in any of the protein fractions obtained by gel filtration. This was further confirmed by amino acid analysis. Amino acid compositions of these protein fractions are given in Table II . Only the high mol wt fraction contained half-cystine, and only the low mol wt fraction contained methionine. The intermediate mol wt fraction did not contain either of these amino acids. The difference in amino acid compositions showed that these three protein components were not derived from the same material in the tissue. Amino acid compositions of the corresponding components in fraction PL and fraction PG were quite similar, indicating that both endo-PL and endo-PG released essentially the same protein components from the tissues.
DEAE-Cellulose Column Chromatography of High Mol Wt Substances. The void fractions (No. 9 and 10 in Fig. 2 ) from four runs were combined and then lyophilized; this procedure yielded 27.0 mg for fraction PL and 30.2 mg for fraction PG. Thus, a high mol wt substance of fraction PL accounted for 43.8% of the original material, and that of fraction PG accounted for 37.1% of polymerization of 1.6. Both oligogalacturonides were further analyzed by DEAE-cellulose column chromatography and TLC. The results showed the oligomers of fraction PG were composed of mono-, di-, and trigalacturonic acid with a molar ratio of 8:8:1. These oligogalacturonides were found as the end products when sodium polypectate was exhaustively hydrolyzed by this endo-PG (14) . On the other hand, the oligomers of fraction PL were found to be a mixture of dimer to hexamer with a variety ofesterification.
Occurrence of Pectinesterase in Potato Tuber Tissue. The tissue pieces used for the substrate were homogenized in 50 mm ammonium acetate buffer (pH 4.5), and the homogenate was centrifuged at 10,000g for 30 min. Both the supernatant and the residue failed to show any ability to release methanol from pectin N.F. (27) . However, as given in Table III , the content of methanol in the reaction mixture progressively increased, and the degree of esterification of soluble galacturonides gradually decreased during maceration, especially maceration by endo-PG. This confirmed the presence of pectinesterase in potato tuber tissue. This enzyme, as well as peroxidase (2, 3, 25) , was released when plant tissues were treated with pectolytic enzymes. Table I the original material. When these substances were applied to a DEAE-cellulose column that had been equilibrated with 20 mm sodium acetate buffer (pH 6.0), most of them were adsorbed on this column (Fig. 3) . 1After saponification of reaction mixtures in 0.5N-NaOH at 30 C for 30 min, newly appeared methanol was determined by the method of Wood and Siddiqui (27) .
dation products of the cell wall. Endo-pectolytic enzymes have been reported to attack cell walls (4, 26 The former was also released from tissues not treated with enzyme. The amount of the latter released by endo-PG was much higher than that released by endo-PL, although the tissues were similarly macerated by the two enzymes. The components may be enzymes that are associated with cell walls and are released by pectolytic enzymes (2, 3, 24, 25) .
The fact that over 85% of galacturonides released from potato tuber tissues by both enzymes were short chain products indicates that a large portion of the main chain of pectic substances which were attacked by the enzymes is a homogalacturonan.
The low degree of esterification of galacturonides released by endo-PG can be explained by the occurrence of pectinesterase during maceration by the enzyme. It was observed that relatively larger esterified-oligogalacturonides were formed at an earlier stage of maceration by endo-PG (results not shown). Then, they were completely deesterified by the pectinesterase and followed by further degradation by endo-PG into mono-, di, and trigalacturonic acid. From the results in Table III the average degree of esterification of pectic substances is presumed to be about 55%. It was found that the boundary of susceptibility of pectic substances to endo-PL and endo-PG of A. japonicus may exhibit about 55% ofesterification (15) .
From the results it seems reasonable to conclude that both enzymes attack almost the same pectic substances in potato tuber tissue.
The results of chromatography on columns of Sephadex G-100 and DEAE-cellulose suggested that a protein component may be attached to pectic substances. It does not contain hydroxyproline and, therefore, is distinctly different from the cell wall structural glycoprotein extensin (19) . This high mol wt substance could be detected early in the maceration and the ratios of this component to oligogalacturonides (fragments of homogalacturonan portion) were almost constant during maceration (unpublished data). Thus, it seems probable that this high mol wt substance and homogalacturonan may join to form the intercellular cement in middle lamella.
